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(54) Power MOSFET transistor and Schottky diode 



(57) A power MOSFET transistor (2) and a Schottky 
diode (5) having a low resistance and a high breakdown 
voltage are provided. When the bottom portion of a nar- 
row trench (20,53) having the shape of a rectangular 
parallelepiped is filled with a semiconductor (22,57) 
grown by epitaxial method, a {1 0 0} plane is exposed 
at the sidewalls of the narrow trench. The semiconduc- 
tor is epitaxially grown at a constant rate on each side- 



wall of the narrow trench; thereby, creating a filling ma- 
terial with no voids present therein. The concentration 
and width of the filling material are optimized. This al- 
lows the portion located between the filling materials in 
a drift layer (1 2,52) to be completely depleted when the 
filling material is completely depleted; thereby, making 
it possible to establish an electric field having a constant 
strength in the depletion layer extending in the drift layer. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 5 

[0001] The present invention generally relates to tran- 
sistors and diodes; and more particularly, to a transistor 
and a diode which are constructed to have narrow 
trenches in which a crystal semiconductor is epitaxially io 
grown. 

2. Description of the Related Art 

[0002] Fig. 20 is a cross-sectional view illustrating a 15 
conventional transistor 102. 

[0003] The transistor 102, or a trench type power 
MOSFET, comprises a semiconductor substrate 111 in 
which NMype impurity is highly doped in single crystal 
silicon and a drain layer 112 having an epitaxial layer of 20 
N _ -type silicon, which is epitaxially grown on top of the 
semiconductor substrate 111. 

[0004] A processing substrate 110 comprises the 
semiconductor substrate 111 and the drain layer 112, 
and is subjected to the process of fabricating a semi- 25 
conductor device, such that a P-type body layer 113 is 
formed on an inner peripheral surface of the drain layer 
112 on its surface side, and a plurality of PMype ohmic 
regions 116 and NT-type source regions 130 are formed 
in the surface of the body layer 113. 30 
[0005] Between the source regions 130, the surface 
of the semiconductor substrate 110 is etched in a 
straight line with predetermined width to form a narrow 
trench 120. 

[0006] Agate insulating film 124 is formed on an inner 35 
surface of the narrow trench 1 20. The narrow trench 1 20 
is filled with polysilicon without contacting the semicon- 
ductor substrate 110 due to the presence of the gate 
insulating film 124 therebetween. The polysilicon forms 
a gate electrode plug 127. 40 
[0007] The gate electrode plugs 127 in each narrow 
trench 1 20 are connected to another via a gate electrode 
film (not shown) having a thin metal film. 
[0008] Formed on the surfaces of the source regions 
130 and the ohmic regions 116 is a source electrode film 45 
137 having a thin metal film. Formed on the narrow . 
trench 120 is an interlayer insulation film 131, which 
electrically insulates the source electrode film 137 from 
the gate electrode plug 127. 

[0009] A drain electrode film 139 is formed on the 50 
backside of the processing substrate 110 (i.e., on the 
surface of the semiconductor substrate 111). 
[0010] Suppose that a positive voltage equal to or 
greater than a threshold voltage is applied to the gate 
electrode film with the source electrode film 137 being 55 
made equal to a ground potential and a positive voltage 
being applied to the drain electrode film 139. In this 
case, formed at the interface between the gate insulat- 



ing film 1 24 and the body layer 1 1 3 is an N-type inverted 
layer, which connects between the source region 130 
and the drain layer 112 and through which current flows 
from the drain layer 112 toward the source region 130. 
This is the conduction state of the transistor 102. Since 
the transistor 1 02 has no JFET region that is usually pro- 
vided for a power MOSFET having no narrow trench 
120, the transistor 102 has a lower conduction resist- 
ance than a typical power MOSFET. 
[0011] When the conduction state changes to a state 
where the potential of the gate electrode film is equal to 
that of the source electrode film 137, the inverted layer 
disappears causing no more current to flow. 
[001 2] In this state, the PN junction between the body 
layer 113 and the drain layer 112 is reverse biased; and 
the avalanche breakdown voltage of the P-N junction is 
equal to the breakdown voltage of the transistor 102. 
[0013] In general, the avalanche breakdown voltage 
of a P-N junction depends on the shape of a depletion 
layer when reverse biased. Since the aforementioned 
transistor 102 has an electric field of nonuniform 
strength in the depletion layer that extends in the drain 
layer 112, the avalanche breakdown voltage depends 
on the electric field of the greatest strength; thereby, re- 
ducing the breakdown voltage. 

[0014] In order to address this problem, there has 
been suggested a semiconductor device 103 having a 
structure as shown in Fig. 21, in which such an attempt 
has been made as to form a buried layer 122 having a 
different conductivity type from the drain layer 112, be- 
neath the narrow trench 120 so as to decrease the elec- 
tric field strength in the depletion layer that extends in 
the drain layer 112. 

[001 5] The buried layer 1 22 is formed by once digging 
deep the narrow trench 120 and then growing a filling 
material on the bottom and sidewalls in the narrow 
trench 1 20, where a single crystal or a poly-crystal sem- 
iconductor can be used as the filling material. 
[001 6] However, there is a drawback in not being able 
to obtain the breakdown voltage as expected in the case 
where single crystal silicon, selected as the filling mate- 
rial, is used to grow a silicon epitaxial layer in the narrow 
trench 120 to form the buried layer 122 of the epitaxial 
layer. 

SUMMARY OF THE INVENTION 

[0017] The present invention has been developed to 
address the aforementionedproblem or drawback of the 
prior art. It is therefore an object of the invention to pro- 
vide a semiconductor device that has a low resistance 
and high breakdown voltage. 

[0018] The present invention has been developed 
based on the discovery that a drop in breakdown voltage 
is caused by voids present in the silicon that has been 
epitaxially grown but nonuniformly in the narrow trench. 
[0019] In the first aspect of the present invention, a 
transistor comprises: a drain layer of a first conductivity 



2 



3 



EP 1 289 022 A2 



4 



type; a body layer of a second conductivity type, the 
body layer being disposed in contact with the drain layer; 
a narrow trench formed across the body layer and the 
drain layer and having a bottom, the bottom being locat- 
ed in the drain layer; a source region located at an open- 
ing of the narrow trench in the body layer and spaced 
apart from the drain layer; a filling material formed of an 
epitaxially grown semiconductor in the narrow trench, 
having a lower end in contact with the bottom of the nar- 
row trench and an upper end located below an interface 
between the body layer and the drain layer, and doped 
with a dopant of the second conductivity type; a gate 
insulating film formed at least on a portion, at which the 
body layer is exposed, of inner sidewalls of the narrow 
trench; and a gate electrode plug, disposed in contact 
with the gate insulating film in the narrow trench and 
electrically insulated from the filling material, wherein 
the narrow trench is formed in a rectangular parallelepi- 
ped shape, and a {1 0 0} plane is exposed at one of the 
inner sidewalls of the narrow trench. 
[0020] In the second aspect of the present invention 
transistor according to the first aspect, the transistor is 
characterized in that the filling material is maintained at 
a floating potential. 

[0021] In the third aspect of the present invention ac- 
cording to the first aspect, the transistor is characterized 
in that the filling material is electrically connected to the 
source region. 

[0022] In the fourth aspect of the present invention ac- 
cording to the first aspect, the transistor is characterized 
by further including: a semiconductor substrate of the 
first conductivity type on a surface of the drain layer, the 
surface being opposite to a surface having the body lay- 
er located therein; and a drain electrode formed on a 
surface of the semiconductor substrate, the drain elec- 
trode providing an ohmic contact to the semiconductor 
substrate. 

[0023] In the fifth aspect of the present invention ac- 
cording to the first aspect, the transistor is characterized 
by further including: a collector layer of the second con- 
ductivity type on a surface of the drain layer, the surface 
being opposite to a surface having the body layer locat- 
ed therein; and a collector electrode formed on a surface 
of the collector layer, the collector electrode providing 
an ohmic contact to the collector layer. 
[0024] In the sixth aspect of the present invention ac- 
cording to the first aspect, the transistor is characterized 
in that a Schottky electrode forming a Schottky junction 
with the drain layer is provided on a surface of the drain 
layer, the surface being opposite to a surface having the 
body layer located therein. 

[0025] In the seventh aspect of the present invention, 
a diode comprises: a principal semiconductor layer of a 
first conductivity type; a narrow trench formed in the 
principal semiconductor layer and having a bottom, the 
bottom being located in the principal semiconductor lay- 
er; a filling material formed of an epitaxially grown sem- 
iconductor in the narrow trench and doped with a dopant 



of a second conductivity type; and a Schottky electrode 
in contact with surfaces of the principal semiconductor 
layer and the filling material, the Schottky electrode 
forming a Schottky junction with the principal semicon- 
5 ductor layer. 

[0026] In the eighth aspect of the present invention 
according to the seventh aspect, the diode is character- 
ized in that the Schottky electrode provides an ohmic 
contact to the filling material. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0027] 

15 Figs. 1a to 1c are explanatory views (1) illustrating 
the process of fabricating a transistor according to 
an embodiment of the present invention; 
Figs. 2a to 2c are explanatory views (2) illustrating 
the process of fabricating the transistor according 

20 to the embodiment of the invention; 

Figs. 3a to 3c are explanatory views (3) illustrating 
the process of fabricating the transistor according 
to the embodiment of the invention; 
Figs. 4a to 4c are explanatory views (4) illustrating 

25 the process of fabricating the transistor according 
to the embodiment of the invention; 
Figs. 5a to 5c are explanatory views (5) illustrating 
the process of fabricating the transistor according 
to the embodiment of the invention; 

30 Figs. 6a to 6c are explanatory views (6) illustrating 

the process of fabricating the transistor according 
to the embodiment of the invention; 
Figs. 7a to 7c are explanatory views (7) illustrating 
the process of fabricating the transistor according 

35 to the embodiment of the invention; 

Figs. 8a to 8c are explanatory views (8) illustrating 
the process of fabricating the transistor according 
to the embodiment of the invention; 
Fig. 9 is an explanatory view illustrating the state of 

40 a depletion layer in a transistor according to the 
present invention; 

Fig. 10 is an explanatory view illustrating the 
strength distribution of an electric field in a transistor 
according to the present invention; 

45 Fig. 11 is an explanatory plan view illustrating the 
arrangement of narrow trenches in a transistor and 
a diode according to the present invention; 
Fig. 12 is an explanatory perspective view illustrat- 
ing the three-dimensional shape of a narrow trench 

so in a transistor and a diode according to the present 
invention; 

Fig. 1 3 is a view illustrating a cross-sectional micro- 
scopic picture of a filling material having a {1 0 0} 
plane exposed at the sidewalls of a narrow trench 
55 in a transistor according to the present invention; 

Fig. 14 is a view illustrating a cross-sectional micro- 
scopic picture of a filling material having a <110> 
plane exposed at the sidewalls of a narrow trench 
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in a transistor according to the present invention; 
Fig. 15 is a view illustrating a P-N junction IGBT or 
an exemplary transistor according to the present in- 
vention; 

Fig. 1 6 is a view illustrating a Schottky junction IGBT 
or an exemplary transistor according to the present 
invention; 

Figs. 17a to 17c are explanatory views (1) illustrat- 
ing the process of fabricating a diode according to 
an embodiment of the invention; 
Figs. 18a to 18c are explanatory views (2) illustrat- 
ing the process of fabricating the diode according 
to the embodiment of the invention; 
Fig. 19 is an explanatory view illustrating the state 
of a depletion layer in a diode according to the 
present invention; 

Fig. 20 is an explanatory view illustrating a prior-art 
transistor; and 

Fig. 21 is an explanatory view illustrating a transis- 
tor having a filling material. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0028] The present invention will be explained below 
in more detail with reference to the accompanying draw- 
ings in accordance with the embodiments. 
[0029] Referring now to Fig. 1(a), a processing sub- 
strate designated by reference numeral 10, to which the 
following fabrication process is applied, includes a sem- 
iconductor substrate 11 made of single crystal silicon 
and a drain layer 12 which is made of silicon epitaxially 
grown on the surface of the semiconductor substrate 11. 
In this embodiment, explanations, in which a first con- 
ductivity type is of N-type and a second conductivity type 
is of P-type, will be provided. 

[0030] The semiconductor substrate 11 is of NMype, 
having a resistivity of about 0.003 CI cm. The drain layer 
12 is of NMype, having a high resistivity. The drain layer 
12 is about 18.2 um in thickness. 

[0031] As shown in Fig. 1(b), the surface of the drain 
layer 12 is exposed to a boron ion (B + ) implant, so that 
boron ions are implanted into the drain layer 12 to form 
a P-type implanted layer 41 in the surface of the drain 
layer 12. At this stage, the drain layer 12 is sandwiched 
between the P-type implanted layer 41 and the semi- 
conductor substrate 11 . 

[0032] Then, heat treatment is performed to diffuse 
the boron in the P-type implanted layer 41 into the drain 
layer 12; thereby, forming a P-type body layer 13 on an 
inner surface side of the drain layer 12 as shown in Fig. 
1(c). The body layer 13 is designed such that its bottom 
portion is eventually located 1.2 jim deep from the sur- 
face of the drain layer 12. At this stage, the depth of the 
diffusion is less than 1 .2 u.m to accommodate further dif- 
fusion caused by heat treatment to be described later. 
[0033] At this stage, the drain layer 12 is buried in the 
processing substrate 10 with no part of the drain layer 



12 being exposed at the surface of the processing sub- 
strate 10. 

[0034] Then, as shown in Fig. 2a, formed on the sur- 
face of the drain layer 12 is a resist film 14, in which a 
5 plurality of elongated openings 15 are formed in parallel 
to each other at predetermined intervals. 
[0035] Then, a P-type dopant (boron ions, i.e. , B + ) im- 
plant is performed on the surface having the resist film 
14 formed thereon. In this case, the P-type dopant is 

10 implanted into the surface of the body layer 1 3 exposed 
at the bottom surface of the opening 15 with the resist 
film 14 being employed as a mask. Thus, as shown in 
Fig. 2b, a P + implanted layer 19 is formed on an inner 
peripheral surface of the body layer 13 in the shape of 

15 the pattern which defines the opening 15. 

[0036] After the resist film 14 has been removed, heat 
treatment is performed to allow the boron dopant in the 
P* implanted layer 19 to diffuse. As shown in Fig. 2c, 
this causes a plurality of P + type ohmic regions 16 to be 

20 formed in parallel to each other on the inner peripheral 
surface of the body layer 13. The ohmic region 16 has 
a diffusion depth of about 1.0 p.m. 
[0037] Then, as shown in Fig. 3a, with both the body 
layer 13 and the ohmic region 16 being exposed, a sili- 

25 con oxide film 1 7 is formed by CVD on the surface there- 
of. Thereafter, as shown in Fig. 3b, a patterned resist 
film 18 is formed on the surface of the silicon oxide film 
17. 

[0038] The resist film 18 has elongated openings 42, 
30 each opening being located between the adjacent ohm- 
ic regions 16 in the longitudinal direction of the ohmic 
region 16. 

[0039] With this structural arrangement, etching is 
performed to remove the silicon oxide film 17 that is 

35 present at the bottom of the opening 42, such that the 
silicon oxide film 17 is patterned in the same shape as 
the resist film 18. This patterning provides the silicon 
oxide film 17 with openings 43 that are the same in 
shape as the opening 42 in the resist film 18, as shown 

40 in Fig. 3c. 

[0040] With this structural arrangement, a portion of 
the body layer 13 of the processing substrate 10 is ex- 
posed at the bottom of the opening 43 in the silicon oxide 
film 17. The resist film 18 is then removed and the por- 

45 tion of the processing substrate 10, present at the bot- 
tom of the opening 43, is etched with the patterned sili- 
con oxide film 17 being employed as a mask. As shown 
in Fig. 4a, this allows for forming a narrow trench 20 in 
the same pattern as that of the opening 43 in the silicon 

50 oxide film 17. 

[0041] The narrow trench 20 penetrates the body lay- 
er 13, with the bottom of the narrow trench 20 sitting in 
an underlying layer, that is the drain layer 12 beneath 
the body layer 13. At this stage, the narrow trench 20 

55 has a depth of 1 2 urn from the surface of the processing 
substrate 10. 

[0042] At the sidewalls of the opening of the narrow 
trench 20, the silicon oxide film 17 is exposed; and the 
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silicon forming the processing substrate 10 is exposed 
at the portion below the silicon oxide film 17. 
[0043] The opening 42 in the resist film 1 8 has a width 
less than the interval of the ohmic regions 16, and is 
located generally at the center between adjacent ohmic 
regions 16. Thus, the narrow trench 20 is located be- 
tween the ohmic regions 16 and spaced apart from the 
edge portion of the ohmic region 16. This prevents the 
ohmic region 16 in the processing substrate 10 from be- 
ing exposed at the sidewall of the narrow trench 20, but 
allows the body layer 13 and its underlying layer (i.e., 
the drain layer 12 to be exposed). The drain layer 12 is 
exposed at the bottom of the narrow trench 20. 
[0044] The narrow trench 20 is formed as described 
above, where the processing substrate 10 is exposed 
only at the bottom and inner surface of the narrow trench 
20 on the surface side of the processing substrate 10. 
[0045] With this structural arrangement, the process- 
ing substrate 10 is loaded into a CVD reactor, into which 
a raw material gas containing silicon and a dopant gas 
containing a P-type dopant are introduced at a high tem- 
perature. This causes the silicon and the P-type dopant 
to start precipitating out of the gases to deposit on the 
bottom and sidewalls of the narrow trench 20; thereby, 
initiating the epitaxial growth of P-type single crystal sil- 
icon. 

[0046] The processing substrate 10 used in this em- 
bodiment has a {1 0 0} oriented surface. The opening 
42 in the resist film 18 is rectangular in planar shape. 
Upon forming the opening 42, the processing substrate 
10 and the mask for patterning the resist film 18 are 
aligned with each other in a manner such that a longer 
or shorter side of the opening 42 is disposed along the 
x-axis or y-axis, respectively, which defines the {1 0 0} 
plane of the processing substrate 10. 
[0047] Since the opening of the narrow trench 20 is 
the same in planar shape and located at the same po- 
sition as the opening 42, a longer or shorter side of the 
narrow trench 20 is aligned with the x-axis or y-axis. 
[0048] Fig. 11 is a plan view illustrating a plurality of 
narrow trenches 20 having the same shape and dis- 
posed at equal intervals in parallel to each other. In Fig. 
11, the longer sides a 1t a 2 of the narrow trench 20 are 
disposed along the x-axis and thus parallel to the x-axis. 
Accordingly, the shorter sides b 1 , b 2 of the narrow trench 
20 are parallel to the y-axis. 

[0049] Fig. 12 is a perspective view illustrating the in- 
terior of the narrow trench 20. As shown in Fig. 12, the 
inner space of the narrow trench 20 (i.e. , the region that 
forms the inner volume of the narrow trench 20) is made 
up of a rectangular parallelepiped. That is, the four side- 
walls A 1( A 2 , B v B 2 of the narrow trench 20 are a plane 
perpendicular to the surface of the processing substrate 
10; thus allowing, any adjacent sidewalls to be orthog- 
onal to each other. In addition, the bottom C of the nar- 
row trench 20 is parallel to the surface of the processing 
substrate 1 0; thus, being perpendicular to the four side- 
walls A 1t A 2 , B 1( B 2 . 



[0050] Therefore, portions of the four sidewalls A, , A 2 , 
B n , B 2 and the bottom C of the narrow trench 20, at 
which the narrow trench 20 is exposed, are a {1 0 0} 
oriented plane of a single crystal silicon. 
5 [0051] The {1 0 0} represents all the following orien- 
tations: 

(1 0 0), (0 1 0), (0 0 1), (1 0 0), (0 1 0), (0 0 1). 
[0052] Accordingly, when the processing substrate 10 
has a (1 0 0) oriented surface and a (0 1 0) plane is 

10 exposed at the two longitudinal sidewalls A lP A 2 of the 
narrow trench 20, a (0 0 1) plane or a (0 0 1) plane is 
exposed at the shorter sidewalls B 1? B 2 (the bottom C 
has the same orientation as that of the surface of the 
processing substrate 10). 

15 [0053] Thus, all the planes of the processing sub- 
strate 10 exposed at the four sidewalls A 1? A 2 , B 1f B 2 
and the bottom C have the same orientation of {1 0 0}. 
This allows for uniform epitaxial growth of silicon on any 
plane of the processing substrate 10. As shown in Fig. 

20 4b, the portion of the narrow trench 20 below the silicon 
oxide film 17 is filled with a filling material 22 made up 
of an epitaxially grown silicon layer. Since no silicon is 
epitaxially grown on the portion at which the silicon oxide 
film 17 is exposed, the opening 43 in the silicon oxide 

25 film 17 remains. 

[0054] On the other hand, suppose that a {110} or 
{111} plane is exposed at the narrow trench 20. In this 
case, all the surfaces of the processing substrate 10 ex- 
posed at the four sidewalls A-, , A 2 , B n , B 2 and the bottom 

30 c could not have the same orientation. This would cause 
the epitaxial growth rate of silicon to vary at different por- 
tions on the surfaces of the processing substrate 10 ex- 
posed at the narrow trench 20, such that nonuniform sil- 
icon is epitaxially grown; thereby, resulting in voids 

35 formed in the narrow trench 20. 

[0055] Fig. 1 3 is an electron microscopic picture of the 
narrow trench 20 in cross section when filled with an epi- 
taxially grown layer of silicon according to the method 
of the invention. As can be seen from Fig. 13, no voids 

40 are created. 

[0056] Fig. 14 is an electron microscopic picture of the 
narrow trench in cross section when filled with an epi- 
taxially grown layer of silicon with a (110) plane being 
exposed at the sidewall A 1 of the narrow trench. In Fig. 

45 i4 f long voids can be seen in the picture in the vertical 
direction. 

[0057] Subsequently, with the silicon oxide film 1 7 be- 
ing employed as a mask, the upper portion of the filling 
material 22 is etched to expose the body layer 13 from 

50 its upper to lower end and the drain layer 12 from its 
upper end to a predetermined depth at the narrow trench 
20, as shown in Fig. 4c. With this structural arrange- 
ment, the surface of the filling material 22 is located be- 
low the P-N junction formed by the body layer 13 and 

55 the drain layer 12. At this stage, the surface of the filling 
material 22 is located at a depth of 1 .6 u.m from the sur- 
face of the processing substrate 10. 
[0058] With this structural arrangement, the process- 
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ing substrate 10 is then thermally oxidized, such that a 
gate insulating film 24 comprising a silicon oxide thin 
film is formed on the surface of the processing substrate 
1 0 exposed at the narrow trench 20, as shown in Fig. 5a. 
[0059] At this stage, the bottom C of the narrow trench 5 
20 is provided with the gate insulating film 24, while the 
foursidewalls A 1t A 2 , B n , B 2 are provided with the silicon 
oxide film 17 and the gate insulating film 24. 
[0060] Then, polysificon is deposited on a surface of 
the processing substrate 10, with the surface having the 10 
opening of the narrow trench 20 located thereon, in or- 
der to form a polysilicon thin film 26 as shown in Fig. 5b; 
thereby, causing the narrow trench 20 to be filled with 
the polysilicon thin film 26. 

[0061] With this structural arrangement, the polysili- 15 
con thin film 26 has been formed not only in the narrow 
trench 20 but also on the surface of the silicon oxide film 
17. The polysilicon thin film 26 is then etched a prede- 
termined amount in this arrangement to remove the 
polysilicon thin film 26 deposited on the silicon oxide film 20 
17 and the polysilicon thin film 26 deposited in the upper 
end portion of the narrow trench 20. This causes the 
polysilicon thin film 26 in each narrow trench 20 to be 
separated from another. Thus, as shown in Fig. 5c, each 
narrow trench 20 is filled with a gate electrode plug 25 
made of the remaining portion of the polysilicon thin film 
26. The gate electrode plug 27 is surrounded by the gate 
insulating film 24 in the narrow trench 20 so that the gate 
electrode plug 27 does not contact with the body layer 
13 forming the semiconductor substrate 10, the drain 30 
layer 12 and the filling material 22. 
[0062] Then, as shown in Fig. 6a, the silicon oxide film 
17 is removed in order to expose the body layer 13 and 
the ohmic region 16 of the processing substrate 10. At 
this stage, the surface of the gate electrode plug 27 in 35 
the narrow trench 20 and the upper end of the gate in- 
sulating film 24 are also exposed. The surface of the 
processing substrate 10 is flat, which includes the sur- 
face of the body layer 1 3, the surface of the ohmic region 
16, the upper end of the gate electrode plug 27, and the *o 
upper end of the gate insulating film 24. 
[0063] The ohmic region 16 and the opening of the 
narrow trench 20 or the gate electrode plug 27 have the 
planar shape of an elongated rectangle and are ar- 
ranged alternately in parallel to each other. 45 
[0064] Then, as shown in Fig. 6b, a resist is patterned 
to form an elongated resist film 28, which is less in width 
than the ohmic region 16 and which is located at the 
center in width of the ohmic region 16. At both sides of 
the resist film 28, exposed are the ohmic regions 16. so 
[0065] Reference numeral 44 indicates the exposed 
surface of the resist film 28, on which no resist film 28 
is formed. With this structural arrangement, as shown 
in Fig. 6c, an N-type dopant (arsenide ions, As + , in this 
embodiment) implant is performed on the surface hav- 55 
ing the resist film 28 formed thereon. This causes the 
N-type dopant to be implanted into the exposed surface 
44; thereby, forming an N + -type implanted layer 39 on 



the inner peripheral surface of the ohmic region 16 and 
the body layer 13. The N + -type implanted layer 39 is 
formed over a region between the resist film 28 and the 
narrow trench 20, such that the NMype implanted layer 
39 is formed in a surface of the ohmic region 16, the 
surface being not covered with the resist film 28, and in 
the surface of the body layer 13. 

[0066] Heat treatment is performed after the resist film 
28 has been removed. This causes the dopant in the 
N + -type implanted layer 39 to diffuse; thereby, forming 
an N-type source region 30 on the inner peripheral sur- 
face of the body layer 13 and the ohmic region 16, as 
shown in Fig. 7a. 

[0067] The source region 30 extends at least along 
the longitudinal direction of the narrow trench 20. Ac- 
cordingly, the surface of the source region 30 is exposed 
at least at both the longitudinal sides of the narrow 
trench 20. 

[0068] The dopant in the NMype implanted layer 39 
diffuses laterally onto the surface of the ohmic region 
16. However, due to a small amount of lateral diffusion, 
a remaining surface of the ohmic region 16 is exposed 
at the center portion at a width thereof where the resist 
film 28 was present before having been removed. 
[0069] In addition, the NMype implanted layer 39 is 
in contact with the gate insulating film 24 that is formed 
on the sidewalls of the narrow trench 20; thereby, pre- 
venting the N-type dopant from diffusing into the gate 
insulating film 24. For this reason, the source region 30 
is in contact with the gate insulating film 24 over the 
depth of diffusion of the source region 30 from the upper 
end of the gate insulating film 24. Accordingly, with this 
structural arrangement, the gate insulating film 24 be- 
tween the bottom of the source region 30 and the upper 
end of the drain layer 1 2 is in contact with the body layer 
13 to form an interface (i.e., a so-called channel region 
between the gate insulating film 24 and the body layer 
13). 

[0070] Then, as shown in Fig. 7b, an interlayer insu- 
lation film 31 of silicon dioxide is deposited by CVD on 
the entire surface of the semiconductor substrate; there- 
by, forming a patterned resist film 32 on the surface of 
the interlayer insulation film 31 as shown in Fig. 7c. 
[0071] The resist film 32 has patterned elongated 
openings 35 each located between adjacent narrow 
trenches 20, and is formed at least on top portion of the 
narrow trench 20. 

[0072] The interlayer insulation film 31 is exposed at 
the bottom of the opening 35. When a portion of the in- 
terlayer insulation film 31 at the bottom of the opening 

35 is etched and thereby removed, an opening 36 is 
formed in the interlayer insulation film 31, the opening 

36 having the same planar pattern as that of the opening 

35 in the resist film 32 as shown in Fig. 8a. The opening 

36 has a long and narrow shape. 

[0073] At the bottom of the opening 36 in the interlayer 
insulation film 31, the ohmic region 16 is exposed in a 
long and narrow shape at the center portion along the 
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width of the long and narrow shaped opening 36, and 
the source regions 30 are exposed at both the sides 
thereof. The upper end of the gate electrode plug 27 is 
not exposed at the bottom of the opening 36. 
[0074] Then, after the resist film 32 is removed, an 
aluminum thin film is formed by evaporation or sputter- 
ing on the surface of the processing substrate 10 having 
the opening 36 thereon and then patterned to form a 
source electrode film and a gate electrode film. The 
source and gate electrode films are separated from 
each other in order to allow different voltages to be ap- 
plied thereto. Reference numeral 37 in Fig. 8b indicates 
the source electrode film. 

[0075] The source electrode film 37 is connected to 
the source region 30 and the ohmic region 16 on the 
bottom of the opening 36. The source electrode film 37 
is electrically insulated from the gate electrode plug 27 
by the interlayer insulation film 31. 
[0076] On the other hand, the gate electrode film is 
connected to the gate electrode. plug 27 in each narrow 
trench 20. A voltage to be applied to the gate electrode 
film is also applied to the gate electrode plug 27 in each 
narrow trench 20. 

[0077] Then, as shown in Fig. 8c, an insulative pro- 
tection film 38, which is made up of silicon dioxide thin 
film or the like, is formed on the surfaces of the source 
electrode film 37 and the gate electrode film and then 
patterned to expose a part of the source electrode film 
37 and the gate electrode film. Thereafter, formed on 
the backside of the processing substrate 10 is a thin 
metal film, which constitutes a drain electrode film 39; 
thereby, providing a power MOSFET transistor 2. The 
drain electrode film 39 provides an ohmic contact to the 
semiconductor substrate 11. 

[0078] A plurality of patterns to provide the transistor 
2 described above are formed in one processing sub- 
strate 10 and the processing substrate 10 is diced into 
the individual patterns. Thereafter, the gate electrode 
film, the source electrode film 37, and the drain elec- 
trode film 39 are connected to metal terminals, respec- 
tively; and then, the transistor 2 is encapsulated in resin; 
thereby, providing a packaged transistor 2. 
[0079] Suppose that, with the metal terminals being 
connected to a power supply or an electric circuit, the 
source electrode film 37 is connected to a ground po- 
tential and a positive voltage is applied to the drain elec- 
trode film 39, while a voltage is applied to the gate elec- 
trode film and a positive voltage equal to or greater than 
the threshold voltage is applied to the gate electrode 
plug 27 in each narrow trench 20. In this case, an N-type 
inverted layer is formed in the channel region (at the in- 
terface between the body layer 13 and the gate insulat- 
ing film 24) to connect between the source region 30 
and the drain layer 12; thereby, allowing current to flow 
from the drain layer 12 toward the source region 30. At 
this stage, the transistor 2 is in a conduction state. 
[0080] From this state, making the potential of each 
gate electrode plug 27 equal to the source potential 



causes the inverted layer to disappear and no more cur- 
rent to flow. At this stage, the transistor 2 is in the off 
state. 

[0081] With the transistor 2 being in the off state and 
5 a high voltage being applied between the drain elec- 
trode film 39 and the source electrode film 37, the P-N 
junction formed by the body layer 13 and the drain layer 
12 is reverse biased; thereby, causing a depletion layer 
to extend into the body layer 13 and the drain layer 12. 

10 [0082] The filling material 22 comprising a semicon- 
ductor grown by epitaxial method, present in the bottom 
portion of the narrow trench 20, is opposite in conduction 
type to the drain layer 12. Since the filling material 22 is 
not electrically connected to the drain layer 12, a depte- 

15 tion layer extends into the filling material 22 when the 
depletion layer extends into the drain layer 12. 
[0083] Reference numeral 48 in Fig. 9 indicates the 
edge of a depletion layer that extends into the drain layer 
12 from the P-N junction formed between the P-type 

20 body layer 13, the filling material 22, and the N-type 
drain layer 12. On the other hand, reference numeral 49 
indicates the edge of a depletion layer that extends into 
the filling material 22 from the P-N junction formed be- 
tween the filling material 22 and the drain layer 12. 

25 [0084] In the state shown in Fig. 9, a further increase 
in voltage between the drain electrode film 39 and the 
source electrode film 37 would cause the filling material 
' 22 to be completely depleted. 
[0085] In the transistor 2 according to the present in- 

30 vention, the distance between the filling materials 22, 
the width of the filling material 22, and the concentration 
of the filling material 22 and the drain layer 12 are opti- 
mized. This allows a portion of the drain layer 1 2 located 
between the narrow trenches 20 and between the filling 

35 materials 22 to be completely depleted when a voltage 
enough to completely deplete the filling material 22 is 
applied between the drain electrode film 39 and the 
source electrode film 37. 

[0086] With the portion of the drain layer 12 located 
^0 between the filling materials 22 being completely deplet- 
ed, the electric field established in the depletion layer 
has a constant strength in the direction of depth of the 
drain layer 12. 

[0087] Fig. 10 is a graph showing the depth - electric 
45 field strength relationship within the transistor 2 under 
the aforementioned condition. The graph in Fig. 10 
shows the strength of an electric field between the nar- 
row trenches 20 along line A-A that passes through the 
source region 30, the body layer 13, and the drain layer 
50 12. 

[0088] In this case, the presence of a void in the filling 
material 22 would cause a drop in breakdown voltage 
therein. However, in the transistor 2 according to the 
present invention, the filling material 22 is made up of a 
55 {1 0 0} oriented crystal semiconductor that is epitaxially 
grown at a constant rate; thereby, creating no voids 
therein and thus causing no reduction in breakdown 
voltage. 
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[0089] The embodiment of a MOS field effect transis- 
tor has been described above; however, the present in- 
vention is not limited thereto. 

[0090] Reference numeral 3 in Fig. 1 5 indicates a P-N 
junction IGBT according to another embodiment of the 
invention. In Fig. 15, like reference numerals designate 
like components as for the transistor 2 shown in Fig. 8c. 
The sidewalls and bottom of the narrow trench 20 in the 
transistor 3 (and a transistor 4 in Fig. 1 6, described later) 
have an orientation of {1 0 0}, and the filling material 22 
that fills in the narrow trench 20 is a {1 0 0} oriented 
single crystal semiconductor that has been epitaxially 
grown. The transistor 3 has a planar pattern as shown 
in Fig. 11, in which a plurality of narrow trenches 20 are 
disposed in parallel to each other and the inner volume 
of each narrow trench 20 is defined by a rectangular par- 
allelepiped as shown in Fig. 12. 

[0091] The transistor 3 of Fig. 15 is different from the 
transistor 2 of Fig. 8c in the following point. The process- 
ing substrate 10 of the transistor 2 in Fig. 8c has the 
drain layer 12 of N-type (a first conductivity type) formed 
by being epitaxially grown on the semiconductor sub- 
strate 11 of an N-type single crystal semiconductor. On 
the other hand, a processing substrate 71 of an N-type 
(a first conductivity type) in Fig. 15 has the N-type drain 
layer 12 formed by being epitaxially grown on a P-type 
semiconductor substrate 45. 

[0092] Reference numeral 46 in Fig. 15 indicates a 
collector electrode made up of a thin metal film that is 
formed on the surface of the P-type semiconductor sub- 
strate 45. The collector electrode 46 provides an ohmic 
contact to the P-type semiconductor substrate 45. 
[0093] In the transistor 3 described above, minority 
carriers are injected from the semiconductor substrate 
45 into the drain layer 12; thereby, causing the conduc- 
tivity of the drain layer 12 to be modulated. This results 
in a lower resistance of the drain layer 12 in conduction 
state in comparison with the MOSFET transistor 2. 
[0094] Now, the transistor 4 illustrated in Fig. 16 is ex- 
plained below. The transistor 4 is a Schottky junction IG- 
BT according to an example of the invention. In Fig. 16, 
like reference numerals designate like components as 
for the transistor 2 shown in Fig. 8c, like reference nu- 
merals shown in Fig. 15. 

[0095] A processing substrate 72 of the transistor 4 in 
Fig. 16 includes a Schottky electrode 47 made of thin 
metal film and formed on the surface of a drain layer 12 
of N-type (a first conductivity type) with a high resistivity. 
[0096] The Schottky electrode 47 forms a Schottky 
junction with the drain layer 12. Between the Schottky 
electrode 47 and the drain layer 12, formed is a diode 
having the Schottky electrode 47 as the anode and the 
drain layer 12 as the cathode. 

[0097] In the transistor 4 described above, minority 
carriers are injected from the Schottky electrode 47 into 
the drain layer 12, thereby causing the conductivity of 
the drain layer 12 to be modulated. This results in a low- 
er resistance of the drain layer 12 in conduction state. 



However, the resistance of the transistor 4 is greater 
than that of the P-N junction IGBT shown in Fig. 15. 
[0098] In any of the transistors 2 to 4 described above, 
the filling material 22 in the narrow trench 20 is not con- 

5 nected to the source electrode 37, the gate electrode 
plug 27, the drain electrode 39, the collector electrode 
46, and the Schottky electrode 47, but maintained at a 
floating potential. However, the filling material 22 in each 
narrow trench 20 may be connected to the source elec- 

10 trode 37 such that the same voltage as that of the source 
region 30 is applied to the filling material 22. 
[0099] However, the depletion layer expands in a 
slightly different manner when the filling material 22 is 
maintained at a floating potential from when the filling 

15 material 22 is connected to the source electrode 37. 
[0100] With the filling material 22 being maintained at 
a floating potential, a portion of the filling material 22 in 
contact with the edge of the depletion layer is at the 
same potential as the drain electrode 39 when the edge 

20 of the depletion layer, which extends from the P-N junc- 
tion at the interface between the body layer 13 and the 
drain layer 12 into the drain layer 12, has reached the 
filling material 22. 

[0101] When the potential difference between the 
25 drain electrode 39 and the source electrode 37 becomes 
larger than that, the depletion layer is created in the fill- 
ing material 22 as well. 

[0102] On the other hand, with the filling material 22 
being connected to the source electrode 37, the filling 

30 material 22 is at the same potential as the source elec- 
trode. When a voltage is applied between the drain elec- 
trode 39 and the source electrode 37, and the P-N junc- 
tion between the filling material 22 and the drain layer 
12 is reverse biased, the depletion layer is immediately 

35 created in the filling material 22. 

[0103] In any case, when the filling material 22 is com- 
pletely depleted and a portion of the drain layer 12 lo- 
cated between adjacent filling materials 22 is depleted, 
the electric field strength E becomes constant, as shown 

40 in Fig. 10, in a region from the P-N junction at the inter- 
face between the body layer 13 and the drain layer 12 
to the bottom of the filling material 22. 
[0104] This prevents application of an intensively 
strong electric field as in the prior art. When the same 

45 voltage as applied to a transistor having the convention- 
al structure is applied to the transistor according to the 
present invention, a lower electric field is established in 
the region from the interface between the body layer 13 
and the drain layer 12 to the bottom of the filling material 

so 22 in comparison with the transistor having the conven- 
tional structure; thereby, providing a higher breakdown 
voltage. 

[0105] The transistors 2 to 4 have been explained 
above as the embodiments. However, the present in- 
55 vention is not limited to transistors but may be applied 
to diodes. 

[0106] Reference numeral 5 of Fig. 18c indicates a di- 
ode according to an example of the present invention. 
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The process of fabricating the diode 5 is explained be- 
low. First, as shown in Fig. 17a, a processing substrate 
50 is prepared which includes an N + -type semiconduc- 
tor substrate 51 and an NMype principal semiconductor 
layer 52 provided on the semiconductor substrate 51. 5 
Then, elongated narrow trenches 53 are formed in the 
surface of the principal semiconductor layer 52. 
[0107] Like the narrow trenches 20 shown in Fig. 11 , 
a plurality of narrow trenches 53 are arranged in parallel 
to each other with the inner volume of each narrow 
trench 53 being formed by a rectangular parallelepiped 
as the narrow trench 20 of Fig. 12. 
[0108] The semiconductor substrate 51 is made of a 
single crystal semiconductor (such as, silicon) that is 
highly doped with an N-type dopant. On the other hand, 
the principal semiconductor layer 52 is made of a single 
crystal semiconductor that is doped with a small amount 
of an N-type dopant and epitaxially grown. 
[0109] The opening of the narrow trench 53 is rectan- 
gular in shape with the four sidewalls of the narrow 
trench 53 being perpendicular to the surface of the prin- 
cipal semiconductor layer 52. In addition, the bottom of 
the narrow trench 53 is parallel to the surface of the prin- 
cipal semiconductor layer 52. 

[0110] The sidewalls and bottom of the narrow trench 
53 have an orientation of {1 0 0}. As shown in Fig. 17c, 
when silicon is epitaxially grown on the surface of the 
processing substrate 50 in which the narrow trenches 
53 are formed, the narrow trench 53 is filled with a silicon 
epitaxial layer 55. When epitaxially grown, the epitaxial 
layer 55 is doped with a P-type dopant to be of P-type. 
[0111] With this structural arrangement, the silicon 
epitaxial layer 55 has also been grown on the surface 
of the principal semiconductor layer 52 that is exposed 
between the narrow trenches 53. As shown in Fig. 18a, 
when the silicon epitaxial layer 55 is etched until the sur- 
face of the principal semiconductor layer 52 is exposed, 
a filling material 57 is formed in each of the narrow 
trenches 53, where the filling material 57 is made up of 
a remaining portion of the silicon epitaxial layer 55. With 
the surface of the principal semiconductor layer 52 be- 
ing exposed, the filling materials 57 in each of the narrow 
trenches 53 are separated from each other. 
[0112] Subsequently, a thin metal film is formed on the 
surface of the processing substrate 50 at which the filling 
materials 57 and the principal semiconductor layer 52 
are exposed. Then, unwanted portions are removed by 
etching, allowing the remaining portion of the thin metal 
film to form a first electrode 59 (Fig. 18b). 
[01 1 3] The first electrode 59 forms a Schottky junction 
with the principal semiconductor layer 52 and provides 
an ohmic contact to the filling material 57. The filling ma- 
terial 57 and the principal semiconductor layer 52 have 
conductivity types opposite to each other and a P-N 
junction formed therebetween. 

[0114] Then, as shown in Fig. 18c, a metal film which 
provides an ohmic contact to the semiconductor sub- 
strate 51 is formed on the surface of the semiconductor 



substrate 51, so as to form a second electrode 60. 
[01 1 5] For the diode 5, applying a negative voltage to 
the second electrode 60 and a positive voltage to the 
first electrode 59 causes the Schottky junction between 
the first electrode 59 and the principal semiconductor 
layer 52 to be forward biased; thereby, allowing a current 
to flow from the first electrode 59 toward the second 
electrode 60. 

[0116] At this time, the P-N junction between the filling 
material 57 and the principal semiconductor layer 52 is 
also forward biased. However, since the barrier of the 
P-N junction is higher than that of the Schottky junction, 
no current flows through the P-N junction or otherwise 
a trace amount of current may flow. 
[0117] To the contrary to this, applying a positive volt- 
age to the second electrode 60 and a negative voltage 
to the first electrode 59 will cause the Schottky junction 
between the first electrode 59 and the principal semi- 
conductor layer 52 and the P-N junction between the 
filling material 57 and the principal semiconductor layer 
52 to be reverse biased; thereby, allowing no current to 
flow therethrough. 

[0118] At this stage, a depletion layer extends into the 
principal semiconductor layer 52 from both the Schottky 
junction and the P-N junction. Reference numeral 61 of 
Fig. .19 indicates the edge of a depletion layer that ex- 
tends into the principal semiconductor layer 52 from the 
Schottky junction and the P-N junction. On the other 
hand, reference numeral 62 of Fig. 19 indicates the edge 
of a depletion layer that extends into the filling material 
57 from the P-N junction. 

[0119] For the diode 5, the width and concentration of 
the filling material 57, the intervals between the filling 
materials 57, and the concentration of the principal sem- 
iconductor layer 52 are optimized. This allows edges of 
the depletion layer in the principal semiconductor layer 
52, the edges being laterally extended from the P-N 
junction, to contact each other when the filling material 
57 is completely depleted. 

[0120] As described above, in the diode 5 according 
to the present invention, the electric field that is estab- 
lished in the depletion layer extended in the principal 
semiconductor layer 52 has a constant strength in the 
direction of the depth. 

[0121] The present invention has been described 
above in accordance with the embodiments of a transis- 
tor and diode. However, the invention is also widely ap- 
plicable to a semiconductor device having a trench that 
is filled with an epitaxially grown semiconductor. 
[0122] In the above examples, the first conductivity 
type is of N-type and the second conductivity type is of 
P-type. However, the invention also includes a transistor 
and diode in which the N-type and P-type are totally in- 
terchanged such that the first conductivity type is of P- 
type and the second conductivity type is of N-type. 
[0123] As described above, the invention provides a 
transistor and diode which have a low conduction resist- 
ance and a high breakdown voltage. 



15 



20 



25 



30 



35 



40 



45 



50 



9 



17 



EP 1 289 022 A2 



18 



Claims 

1. A transistor comprising: 

a drain layer of a first conductivity type; 5 
a body layer of a second conductivity type, the 
body layer being disposed in contact with the 
drain layer; 

a narrow trench formed across the body layer 
and the drain layer, the narrow trench having a 10 
bottom which is located in the drain layer; 
a source region located at an opening of the 
narrow trench in the body layer and spaced 
apart from the drain layer; 

a filling material formed of an epitaxially grown 15 
semiconductor in the narrow trench, the filling 
material having a lower end in contact with the 
bottom of the narrow trench and an upper end 
located below an interface between the body 
layer and the drain layer, and being doped with 20 
a dopant of the second conductivity type; 
a gate insulating film formed at least on a por- 
tion, at which the body layer is exposed, of inner 
sidewalls of the narrow trench; and 
a gate electrode plug, disposed in contact with 25 
the gate insulating film in the narrow trench and 
electrically insulated from the filling material, 
wherein 

the narrow trench is formed in a rectangular 
parallelepiped shape, and a {1 0 0} plane is ex- 30 
posed at one of the inner sidewalls of the nar- 
row trench. 

2. The transistor according to claim 1 , wherein the fill- 
ing material is maintained at a floating potential. 35 

3. The transistor according to claim 1 , wherein the fill- 
ing material is electrically connected to the source 
region. 

40 

4. The transistor according to claim 1 , further compris- 
ing a semiconductor substrate of the first conduc- 
tivity type on a surface of the drain layer, the surface 
being opposite to a surface having the body layer 
located therein; and 45 

a drain electrode formed on a surface of the 
semiconductor substrate, the drain electrode pro- 
viding an ohmic contact to the semiconductor sub- 
strate. 

50 

5. The transistor according to claim 1 , further compris- 
ing a collector layer of the second conductivity type 
on a surface of the drain layer, the surface being 
opposite to a surface having the body layer located 
therein, and 55 

a collector electrode formed on a surface of 
the collector layer, the collector electrode providing 
an ohmic contact to the collector layer. 



6. The transistor according to claim 1, wherein a 
Schottky electrode forming a Schottky junction with 
the drain layer is provided on a surface of the drain 
layer, the surface being opposite to a surface having 
the body layer located therein. 

7. A diode comprising: 

a principal semiconductor layer of a first con- 
ductivity type; 

a narrow trench formed in the principal semi- 
conductor layer and having a bottom, the bot- 
tom being located in the principal semiconduc- 
tor layer; 

a filling material formed of an epitaxially grown 
semiconductor in the narrow trench and doped 
with a dopant of a second conductivity type; and 
a Schottky electrode in contact with both sur- 
faces of the principal semiconductor layer and 
the filling material, the Schottky electrode form- 
ing a Schottky junction with the principal semi- 
conductor layer. 

8. The diode according to claim 7, wherein the 
Schottky electrode provides an ohmic contact to the 
filling material. 
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